The initiation of laser damage within optical coatings can be better understood by electric-field modeling of coating defects. The result of this modeling shows that light intensification as large as 24ϫ can occur owing to these coating defects. Light intensification tends to increase with inclusion diameter. Defects irradiated over a range of incident angles from 0 to 60 deg tend to have a higher light intensification at a 45 deg incidence. Irradiation wavelength has a significant effect on light intensification within the defect and the multilayer. Finally, shallow, or in the case of 45 deg irradiation, deeply embedded inclusions tend to have the highest light intensification.
Introduction
Standing-wave electric-field peaks are created within multilayer coatings owing to interference. 1 Intensity is proportional to the square of the electric field. Optical high-reflector laser coatings, irradiated by nanosecond pulses, are fluence limited by coating defects. 2 Small inclusions (nanometer scale in diameter) at these electric-field peaks cause flatbottom pit damage at layer interfaces. 3 Larger inclusions (submicrometer-to-micrometer scale in diameter) form craterlike pits when they are irradiated. 4 These larger inclusions initiate nodular defects, whose shape and size depend on the deposition process and the deposition angular range. 5 The geometry of nodular defects tends to focus light within the defect, which can result in a light intensification that is significantly greater than that in the standard defect-free region, as illustrated in Fig. 1 . 6,7 Figure 2 illustrates the defect geometry used in this study. A quarter-wave reflector design ͓air:L͑LH͒
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: glass͔ consisting of 24 alternating layers of hafnia and silica covering an inclusion on the surface of a glass substrate was used for this study. The reference wavelength is 1053 nm, and the refractive indices of the layers are n H ϭ 1.971 and n L ϭ 1.44977. The physical thickness of each hafnia and silica layer is 133.56 and 181.58 nm, respectively. The total film thickness is 3.96 m. The stack is overcoated with a half-wave silica layer, a standard design technique used to improve laser resistance. 8, 9 Assuming a uniform deposition over the spherical inclusion defines the boundary between the perfect stack and the nodule as a parabola. 5 The nodular-defect diameter (D), inclusion diameter (d), and film thickness (t) are used to determine the angular range of the nodule from the following equation:
The angular range, , for nodular inclusion diameters 0.5, 1.0, and 1.5 m is 52, 78, and 100 deg, respectively.
The program used for these simulations, TEM-PEST, 10,11 employs a finite-difference time-domain algorithm 12 to solve Maxwell's equations. The TEMPEST algorithm for this study simulates the scattering of an electromagnetic plane wave by using a defective multilayer mirror topography. The materials in the multilayer coating (HfO 2 and SiO 2 ) and defect seed ͑SiO 2 ͒ are specified by their complex optical indices of refraction. The simulation domain is rectangular, 3-D, and gridded with a uniform grid. Periodic boundary conditions are applied in the x and y directions, while Berenger's perfectly matched layer (PML) absorbing-boundary condition 13 is applied in the z direction. Here the z direction is normal to the stack. The rectangular simulation domain was gridded using 300 cells in the x and y directions. The cell size in the z direction was chosen to be one seventh of the bilayer thickness, resulting in 122 cells in the z direction. Each bilayer consists of three cells for the hafnia layer and four cells for the silica layers. Eighteen simulation cycles were determined to be sufficient to provide the necessary temporal isolation (scattering interactions between neighboring periods) while still allowing for a local convergence within the defect morphology.
When calculating the light intensification at normal-versus-oblique incidence for each case, we held the physical model constant for all simulations. The irradiation wavelength for the calculations were blue shifted at oblique incidence to maintain maximum reflectivity and proper spectral centering.
There are very few nontrivial analytic or semianalytic fully 3-D vector test cases to benchmark electromagnetic codes against. One such test case is Mie's solution 14 for a plane wave interacting with a dielectric sphere of size comparable with the wavelength. This solution is described in standard texts, such as Stratton 15 and van de Hulst, 16 in terms of an infinite sum of vector harmonics based on Ricatti-Bessel functions and their derivatives.
We chose the case of a dielectric sphere of index 1.5 situated in vacuum. The diameter of the sphere was assumed to be equal to the free-space wavelength, which we took as unity. A unit amplitude plane wave, polarized in the x direction, propagates along the z axis from minus infinity. The resulting value of |E| 2 in the x-z plane is shown in Fig. 3 . This quantity is related to either the electromagnetic energy density, tivity of empty space. In Fig. 3 a strong focus can be seen just inside the exit pole of the sphere. The corresponding intensity patterns in the two orthogonal planes are qualitatively different, reflecting the complexity of the solution. A detailed comparison of axial values of |E| 2 for the Mie and TEMPEST solutions is given in Fig. 4 . The agreement is excellent. We also examined the case of a complex refractive index, i.e., of an absorbing sphere, with similar results.
Inclusion Depth
Previous theoretical modeling with 2.5D electromagnetic modeling codes showed that light intensification decreases with increasing inclusion depth. 6, 7 These results are inconsistent with calculations that suggest critical defects are created by deeply embedded inclusions. 17 In an attempt to resolve these contradictory results, we performed full 3-D electromagnetic modeling on a geometry more closely aligned to that used for critical inclusion-diameter calculations. This geometry also agrees with previous experimental results, showing that a critical inclusion diameter exceeds 0.7 m. [17] [18] [19] For these calculations, a 1 m diameter inclusion was used and depths ranged from 6 to 24 layers.
The results of this modeling effort are illustrated in Fig. 5 . Nodules irradiated at normal incidence showed a clear reduction in light intensification with increasing inclusion depth. However, at a 45 deg incidence angle, the light intensification has a minimum at 18 layers (75% film thickness) and then begins increasing with inclusion depth. For this specific geometry at p polarization, the light intensification is comparable when the inclusion is completely buried within the film (24 layers) or only 6 layers deep.
When evaluating theoretical results, one must consider their relevance to real physical conditions. For example, a typical electron-beam (e-beam) coating system has a range of deposition angles. This leads to shadowing by the inclusion during deposition. As the nodule grows owing to the deposition of additional layers, the void width decreases. For deep or small diameter inclusions, the void can terminate before the final layers, leaving a continuous boundary between the multilayer coating and the nodule. For a 1 m diameter inclusion embedded in a coating that is e-beam deposited, it is not uncommon for the shadow-induced voids around the nodule to be at
Inclusion Diameter
Experimental results suggest that as the inclusion diameter increases, the probability of nodular ejection also increases. 2 This result suggests that light intensification increases with inclusion diameter. To validate this assumption, we modeled three different inclusion diameters (0.5, 1.0, and 1.5 m) at two different incident angles (0 and 45 deg). Polarization effects were also explored. An inclusion depth of 3.96 m (24 layers deep) was selected based on the large light-intensification results reported above.
The results are plotted in Fig. 6 . In general, the light intensification increases with inclusion diameter. Light intensification is greatest at oblique incidence at p polarization. An interesting divergence in the magnitude of light intensification for the three cases (0°, 45°s polarization, and 45°p polarization) occurs for the 1 m diameter inclusion and at the 1.5 m diameter convergence. This phenomenon is not well understood; however, resonance effects are a potential explanation, given the similarity of the inclusion diameter ͑1.0 m͒ and the irradiation wavelength ͑1.053 m͒. One would expect resonance effects at inclusion diameters that are integer multiples of the irradiating wavelength. Although a 2 m diameter inclusion in this geometry is physically unlikely from binding and formation perspectives, calculations of this geometry would be enlightening regarding the potential existence of resonance effects.
Incident Angle
Four different incident angles were modeled in an attempt to understand the effect of incidence angle on light intensification within nodular defects. A deeply embedded (3.96 m or 24 layers deep) inclusion with a diameter of 1 m was used for these calculations.
The geometry with the greatest light intensification occurs at a 45 deg incidence, as illustrated in Figs. 7 and 8. At normal incidence the electric-field peak falls very close to or on the central z axis. The location of the peak moves up and down along the z axis, depending on geometry (inclusion depth and diameter). In some cases the peak is within the inclusion, a particularly dangerous location because inclusions have a potentially high absorption, depending on composition. However, for these simulations, silica inclusions were modeled by using the same properties as the multilayer materials.
At oblique incidence the electric-field peaks are shifted closer to the boundary between the nodule and the multilayer. In these simulations no interface absorption was assumed. Previous modeling suggested that interfacial voids due to defect shadowing during deposition had little effect on the electric field. 6 As the incidence angle increases, the average transmission of the nodule increases, particularly at p polarization, as illustrated in Fig. 9 . This effect is the result of the spherical geometry of the nodule, which results in a wide range of incident angles compared with a defect-free planar geometry of the coating, which has only a single incidence angle. At normal incidence, the range of incident angles is defined as
At oblique incidence the incidence-angle range of a nodular defect () is now given by
which is limited to angles between 0 and 90 deg. The spherical geometry of the nodule tends to act as a microlens that collects and focuses light. This phenomenon is particularly noticeable when the nodule is irradiated at a wavelength at which the coating is highly transmissive, as illustrated in Fig. 10 . In the highly reflecting case, interference plays a significant role, thus complicating the light intensification pattern. For example, the transmission at normal incidence of a defect is small compared with the transmission at a 60 deg incidence (see Fig. 9) ; however, the light intensification is comparable (see Fig. 7 ). The transmission of a defect at a 45 deg incidence is between the 0 and the 60 deg case but has a significantly greater light intensi- fication (see Fig. 9 ). Interestingly, the magnitude of light intensification does not correlate with this increase in transmission (see Fig. 7 ). Finally, as the incidence angle is increased (Ն39 deg in this geometry), a portion of the nodule becomes shadowed, as is also well illustrated in Fig. 10 . 
Incident Wavelength
The effect of spectral centering on light intensification can be significant. To maintain a consistent geometry, we modeled this effect by changing the irradiation wavelength. The transmission of the coating changes over the nodule incidence-angle range changes with centering. This affects the magnitude of light intensification within the nodule. The results were previously reported 21 and are illustrated in Fig.  11 . In summary, coatings centered slightly longer, but within the reflection band, tend to have a lower light intensification owing to nodular defects. Interestingly, the average transmission of the defect is reduced for coatings centered slightly long, particularly at oblique incidence.
In an attempt to understand the effect of nodule average transmission on light intensification, we selected irradiation wavelengths for maximum and minimum transmission. At oblique incidence, higher nodule transmission tends to increase light intensification, whereas the opposite occurs at normal incidence. Although the magnitude of change in average transmission is significant, there was very little change in light intensification observed. The focusing effects due to the nodule shape are particularly visible in the high-transmission cases (see Fig. 10 ), illustrated by the shadowed areas around the nodule and by the light intensification within the inclusion, particularly in the normal-incidence case.
Nodule Geometry
The deposition process can have a dramatic effect on the shape of the nodule. Electron-beam deposition tends to have a wide range of deposition angles, which leads to shadowing around the coating defect.
This results in a nodule with a parabolic profile. 18 Sputtering tends to have a more unidirectional deposition plume or a narrower deposition angle or range, leading to coating defects with straight vertical nodular walls. 22 In an attempt to better understand the potential differences among damage thresholds observed for different deposition techniques and hence different nodular shapes, we calculated the light intensification for a 1 m inclusion fully embedded in the coating (24 layers deep) with straight vertical nodular walls and irradiated at both normal and 45 deg incidence, as illustrated in Fig. 12 . The results of the light-intensification simulations for two different geometries (parabolic versus vertical boundaries) are listed in Table 1 . Interestingly, nodules with straight walls tend to have a high light intensification at the top of the nodule, whereas nodules with parabolic cross sections have a maximum light intensification deeper within the defect. This result suggests that at normal incidence, unidirectionally deposited coatings have a high light intensification regardless of inclusion depth, while omnidirectionally deposited coatings tend to have a high light intensification only for shallow inclusions. Therefore, if the defect density between these two different coating processes is equivalent and the defect inclusions are uniformly distributed throughout the coating, the damage density of unidirectionally deposited coatings would be significantly higher.
Conclusion
Electric-field modeling of nodular defects has provided some insight into the laser-damage process in optical coatings. The light intensification can be significant (as much as 24ϫ). Deeply buried inclusions, which were shown experimentally to be particularly catastrophic and fluence limiting, can have a significant light intensification with the proper geometry. Experimental results that show a decrease in damage threshold as a function of inclusion depth agree with the electric-field calculations, which show an increase in light intensification as inclusion diameter is increased. Electric-field simulations also suggest that unidirectional coating processes may be more susceptible to laser damage at normal incidence because of the higher light intensification observed for deep inclusions compared with that for omnidirectional coating processes.
